Abstract. Tetrandrine (Tet), a potent lysosomal inhibitor, blocks autophagic flux and induces cancer cell death. Previously, the present authors identified the prostate cancer cell line DU145 to exhibit high sensitivity towards Tet in 11 cancer cell lines. In the present study, autophagy in Tet-treated DU145 cells was investigated. Similar to other cell lines, such as PC-3 and 786-O cells, Tet neutralized the acidity of lysosome and blocked autophagy in DU145 cells. However, Tet failed to induce microtubule-associated protein 1 light chain 3 (LC3) conversion in DU145 cells. By contrast, it was observed by transmission electron microscopy that Tet induced an accumulation of autophagosomes in the cytoplasm. These contrasting results indicated that Tet triggered an LC3-independent autophagy in DU145 cells. Alkalizing lysosome with chloroquine enhanced Tet-induced cell death. The results of the present study indicated that detection of autophagy in tumor cells may assist in selecting lysosome inhibitors for chemotherapy treatment in prostate cancer.
Introduction
Tetrandrine (Tet), a natural product isolated from Stephania tetrandra, has been reported to be an anti-tumor and anti-inflammatory drug (1) (2) (3) (4) (5) (6) (7) (8) . Previously, the present authors have demonstrated that Tet induces cell death in 11 cancer cell lines (1) . Tet directly neutralizes the lysosomal acidity, blocks the autophagic flux in the degradation step and causes energetic impairment, which eventually results in cell death (1) . By contrast, Tet also acts as an autophagy agonist by inducing the synthesis of reactive oxygen species (3, 4, (9) (10) (11) , indicating that Tet may function as a multi-target drug to regulate autophagy in cancer cells. Regardless of the Tet target, the present authors and other groups have previously consistently observed that Tet increases the number of autophagosomes, levels of microtubule-associated protein 1 light chain 3, type II (LC3-II) and the number of enhanced green fluorescent protein-LC3 puncta in cancer cells (1, 3, 9) . DU145, a commonly used prostate cancer cell line for research, is different from PC-3 and LNCaP cells in terms of autophagy regulation (12) . As alternative transcripts of autophagy related 5 (ATG5) lack one or two exons in DU145 cells, and this causes the autophagy pathway to be genetically impaired (12) . By contrast, DU145 cells exhibited the highest sensitivity to Tet in all of the 11 cancer cell lines that were previously tested by the authors of the present study (1) , implying that impairment in autophagy may increase Tet-induced cell death. In order to investigate the role of autophagy on Tet-induced cell death in DU145 cells, the ultrastructural changes following Tet treatment were observed by transmission electron microscopy (TEM). Notably, Tet treatment triggered an accumulation of autophagosomes in this cell line, indicating that alternative autophagy was involved.
Materials and methods
Tetrandrine and other reagents. Tet (Santa Cr uz Biotechnology, Inc., Dallas, TX, USA) was dissolved as previously described (1) . In brief, Tet powder was dissolved in one drop of 0.1 mM HCl and neutralized with NaHCO 3 solution to 7.4 pH Tet was subsequently diluted with phosphate-buffered saline (PBS) for a final concentration of 10 mM. Chloroquine (CQ) was purchased from Sigma-Aldrich (Merck Millipore, Darmstadt, Germany) and dissolved in sterilized deionized water for a final concentration of 100 mM. Rabbit anti-LC3B antibody was purchased from Sigma-Aldrich, Merck Millipore. Mouse anti-β-actin antibody was purchased from Santa Cruz Biotechnology Inc. Other primary (β-actin; cat. no., 8457; dilution, 1:2,000; p62, cat. no., 8025; dilution, 1:1,000) and anti-rabbit secondary antibody (cat. no., 7074; dilution, 1:5,000) were purchased from Cell Signaling Autophagy assays. DU145 cells were transfected with EGFP-LC3 plasmid and cultured at 37˚C for 48 h. The EGFP-LC3 puncta formation in each group were observed and counted using fluorescence microscopy (Leica Microsystems GmbH, Wetzlar, Germany) (13, 14) .
TEM. TEM was performed as previously described (1) . In brief, the cells were digested, washed with pre-cold PBS, centrifuged at 1,000 x g for 5 min at 4˚C and fixed with 2% glutaraldehyde at 4˚C overnight. The cell pellets were post-fixed with 1% osmium tetroxide for 1 h. The samples were subsequently dehydrated and cut into ultrathin 40-nm sections. The subcellular structures of cells in each group were observed with an electron microscope (JEOL Ltd., Tokyo, Japan).
Lysosome pH quantification. Lysosomal pH was quantified as previously described (1) . A total of 1x10 5 /ml cells were seeded in a 96-well plate, treated with Tet and washed with PBS. The cells were subsequently incubated in 5 µM of LysoSensor Yellow/Blue DND-160 (Thermo Fisher Scientific, Inc.) at room temperature for 5 min. The supernatants were removed and replaced with 100 µl RPMI-1640 medium. Cells used for the standard curve were incubated at room temperature with 10 µM monensin and 20 µM nigericin in 20 mM 2-(N-morpholino) ethanesulfonic acid, 110 mM KCl and 20 mM NaCl at pH 3.6 to 6.9 for 10 min. Fluorescence in each well was assessed based on the ratio of light excited at 329 nm vs. 384 nm.
Western blotting. Total protein from each group was extracted with radioimmunoprecipitation assay (RIPA) lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1% NP-40 and 0.1% sodium dodecyl sulfate). The lysates were centrifuged at 8,000 x g at 4˚C for 5 min and the supernatants were collected and subsequently quantified. The lysates in each group were diluted to the same concentration with RIPA lysis buffer, mixed with loading buffer and denatured at 95˚C for 5 min. A total of 20 µg of the samples were loaded onto 12% SDS-PAGE and separated with electrophoresis. The proteins were then blotted onto a polyvinylidene difluoride membrane and blocked with 5% non-fat milk for 1 h at room temperature. The membrane was incubated with diluted primary antibodies at 4˚C overnight. The membrane was washed with TBST and subsequently incubated with diluted secondary antibody for 1 h at room temperature. Following four washes, the blots were measured by using horseradish peroxidase substrate (Thermo Fisher Scientific, Inc.) and captured with a G:BOX Chemi Gel Documentation System (Syngene, Frederick, MD, USA). The relative density was calculated with Quantity One Software (v4.6.2, Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Statistical analysis. Student's t-test was performed to determine the statistical significance between two groups by using SPSS version 19.0 software (IBM SPSS, Armonk, NY, USA). P<0.05 was considered to indicate a statistically significant difference. Data are presented as the mean ± standard deviation.
Results

DU145 cells are more sensitive to tetrandrine (Tet) compared with PC-3 cells.
The present authors have previously observed that DU145 cells are more sensitive to Tet treatment than PC-3 cells at 48 h post-incubation (1). In the present study, the DU145 and PC-3 cells were incubated with a series of Tet concentrations for 12, 24 and 48 h, respectively. It was observed that Tet treatment inhibited cell viability in the two cell lines in a dose-and time-dependent manner (Fig. 1) . The half maximal inhibitory concentration (IC 50 ) values of Tet in DU145 cells were 24.0 (12 h), 10.2 (24 h) and 2.6 µM (48 h), whereas in PC-3 cells the values were 42.8 (12 h), 13.3 (24 h) and 9.5 µM (48 h), indicating that DU145 cells were more sensitive to Tet treatment compared with PC-3 cells (Fig. 1) .
Tetrandrine fails to induce LC3 conversion in DU145 cells.
Autophagy has an important role in Tet-induced cell death (1, 3) . In order to explore the role of autophagy in Tet-induced cell death of DU145 cells, the LC3 conversion was measured using western blotting. The DU145 cells were treated with 10 µM Tet for 12 h. At 10 µM, Tet was able to induce a significant increase in LC3-II and EGFP-LC3 puncta formation in PC-3 cells (1). It was observed that in DU145 cells LC3-II expression was undetectable in baseline and Tet treatment conditions ( Fig. 2A) . This observation was not unexpected as the lack of one or two exons in ATG5 interferes with the formation of LC3-II in DU145 cells (12) . Consistently, EGFP-LC3 puncta was not be observed in Tet-treated DU145 cells (Fig. 2B) .
As autophagy mainly depends on the function of the lysosome, lysosomal pH of DU145 cells treated with a range of Tet concentrations (2.5 to 10 µM) was measured. The pH value increased in a concentration-dependent manner (Fig. 2C) , indicating that Tet neutralized lysosomal acidity in DU145 cells.
De-acidulation of lysosomes results in the blockade of autophagic flux. As LC3 lipidation in DU145 cells is defective, assays based on LC3 turnover cannot be performed. Therefore, the expression of p62 (a protein that is degraded through autophagy and is upregulated when the autophagic flux is blocked) was analyzed. p62 protein in Tet-treated DU145 cells was upregulated, indicating that the autophagic flux may be blocked ( Fig. 2D and E) .
Tet triggers autophagosome accumulation in DU145 cells.
In order to investigate the role of autophagy in DU145 cells, the ultrastructural changes of DU145 cells upon Tet treatment for 12 h were observed. Notably, Tet triggered a large amount of autophagosome accumulation in the cytoplasm (Fig. 3 ). There were no significant differences in the shapes of the autophagosomes in DU145 cells compared with autophagosomes in other cell lines induced by Tet treatment, indicating that Tet may have triggered an alternative autophagy in DU145 cells.
Lysosomal de-acidulation is required in tetrandrine-induced cell death. The present authors have previously reported that
Tet is a potent lysosomal inhibitor in a number of cell lines, which is closely associated with autophagy and its anti-tumor effects (1) . In the present study, whether Tet-induced lysosomal de-acidulation contributed to its anti-tumor effects in DU145 cells was investigated. To reduce Tet-induced cell death, DU145 cells were treated with 2.5 µM Tet for 12 h. At 2.5 µM, Tet exhibited mild inhibitory effects on DU145 cells (Fig. 1) , and the lysosomal pH was increased to 5.64. DU145 cells were subsequently co-treated with 8 µM CQ to increase the lysosomal pH to 6.78 (Fig. 2C) . Treatment with 8 µM CQ alone for 12 h did not result in a significant change in viability of DU145 cells (Fig. 4) . However, the presence of CQ synergized Tet-induced cell death (Fig. 4) . These results indicated that high lysosomal pH is required in Tet-induced cell death of DU145 cells.
Discussion
LC3 conversion from type I to type II has been employed as a biomarker to evaluate the level of autophagy in previous studies (15, 16) . In the present study, a notable finding is that Tet triggered LC3-independent autophagy in ATG5 defective prostate cancer cells. This alternative autophagy was characterized as the accumulation of autophagosomes without affecting LC3 conversion. Therefore, evaluation of autophagy using LC3-based It has been reported that serum starvation, CQ treatment and rapamycin treatment all failed to induce LC3-I to LC3-II conversion in DU145 cells (12) . Due to the lack of functional products of ATG5, the LC3-I to LC3-II conversion is blocked (12) . Therefore, the EGFP-LC3 marked autophagosomes could not be observed in DU145 cells (Fig. 2B) . By contrast, a recent study reported that sorafenib induces EGFP-LC3 foci formation in DU145 cells (17) . The results of the present study indicated that Tet could not induce EGFP-LC3 puncta formation, but it increased the number of autophagosomes in DU145 cells. An alternative autophagy has been previously been discovered in ATG5 genetic knockout mouse embryonic fibroblasts (18) . The results of the present study demonstrated that this type of autophagy may naturally exist in cancer cells. The present authors postulate that this alternative autophagy may universally exist in different types of cells. Therefore, only assessing autophagy by using experiments based on LC3 turnover may underestimate its actual level.
The present authors previously confirmed that Tet is a known lysosome inhibitor and is able to block autophagic flux (1) . Like other cancer cell lines, it was observed in the present study that the lysosomal acidity was neutralized following Tet incubation in DU145 cells. Therefore, the present authors hypothesize that the autophagic flux may be blocked, although assays based on LC3 turnover or monomeric red fluorescent protein-EGFP-LC3 co-localization could not be performed in DU145 cells. The increased p62 levels induced by Tet supported this hypothesis.
The role of autophagy in chemotherapy remains unclear. It may either lead to cell death or maintain cell survival against chemotherapeutic drugs. In DU145 cells, sorafenib blocks the autophagic flux, whereas transiently re-expressing ATG5 in DU145 cells antagonizes sorafenib-induced cell death (17) . Therefore, the present authors postulate that the autophagic flux may be relatively inadequate in DU145 cells. Blockade of autophagic flux with Tet resulted in cell death. This may explain why DU145 cells exhibited the highest sensitivity towards Tet in all of the 11 cell lines tested (1) . It has been reported that CQ enhances the anti-tumor effects in cancer cells (19) . The results of the present study indicated that lysosomal pH is able to affect Tet-induced cell death. Further alkalizing lysosomes with nontoxic concentrations of CQ enhanced Tet-induced cell death, indicating that low acidity of the lysosomal lumen is associated with Tet-induced cell death.
Collectively, the present study provided evidence that Tet induced alternative autophagy in DU145 cells. Detecting autophagy in tumor tissue may assist in selecting lysosome inhibitors for chemotherapy treatment in prostate cancer. 
